ACTIVE NOISE CONTROL SYSTEM 



BACKGROUND OF THE INVENTION 
Field of the Invention: 

The present invention relates to an active noise con- 
trol system for canceling out unwanted noise in a vehicle's 
passenger compartment with secondary noise produced out of 
phase with the unwanted noise (having ISO** -shifted phase 
with respect to the phase of the unwanted noise in the pas- 
senger compartment), and more particularly to an active 
noise control system for canceling out unwanted noise in a 
closed space such as a vehicle's passenger compartment based 
on low- frequency road noise (also referred to as "drumming 
noise") in frequencies ranging from 20 to 150 Hz which is 
produced due to the acoustic resonant characteristics of the 
closed space. 

Description of the Related Art: 

Active noise control systems for attenuating drumming 
noise in a vehicle's passenger compartment have been based 
on feed-forward active control as shown in FIG. 26 of the 
accompanying drawings . 

In FIG. 26, the conventional active noise control sys- 
tem has attenuated noise in a vehicle's passenger compart- 
ment 24 as follows: Suspension vibrations and vehicle body 
vibrations that are highly correlated to the noise in the 
passenger compartment are detected by sensors, and detected 
signals from the sensors are used as a reference signal. 



The reference signal is supplied to an adaptive digital fil- 
ter 21 and a digital filter 22 whose transfer characteris- 
tics are made equivalent to the sound field transfer charac- 
teristics of the passenger compartment. The digital filter 
22 supplies its output signal to a filter coefficient updat- 
ing circuit 23 which calculates filter coefficients wl, w2, 
w3, • • • , wi of the adaptive digital filter 21 based on an 
LMS algorithm. The filter coefficients wl, w2, w3, • • • , wi 
calculated by the filter coefficient updating circuit 23 are 
set in the adaptive digital filter 21, which applies an out- 
put signal to drive a speaker 25 that functions as a secon- 
dary noise source placed in the passenger compartment 24 
which serves as a sound field. The difference between a 
sound radiation output ted from the speaker 25 and noise in 
the passenger compartment 24 is detected by a microphone 26 
which is provided in the passenger compartment 24 for con- 
firming noise cancellation. An output signal from the mi- 
crophone 26 is sent as an error signal to the filter coeffi- 
cient updating circuit 23, which calculates filter coeffi- 
cients wl , w2 , w3 , • • • , wi in order to eliminate the square 
of the error signal. 

The adaptive digital filter 21, the digital filter 22, and 
the filter coefficient updating circuit 23 jointly make up a 
control means for being supplied with a signal highly corre- 
lated to a sound from a noise source as a reference signal 
and generating a noise canceling signal which is exactly out 
of phase to the noise in the passenger compartment 24. The 
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speaker 25 serves as a canceling sound generating means for 
generating a noise canceling sound in response to the noise 
canceling signal outputted from the control means. 

When the speaker 25 generates and radiates the noise 
5 canceling sound as secondary noise, the radiated secondary 

noise cancels out the noise in the passenger compartment 24 
for thereby suppressing the noise in the passenger compart- 
ment 24. 

Efforts have also been made to adjust the weight of a 
;=40 certain region of the vehicle body for attenuating noise 

^ generated in the passenger compartment by drumming noise. 

• 3 : 

With the conventional active noise control system, it 
-r^- is necessary to use a microphone for confirming noise can- 

'•'^ cellation in the passenger compartment and also a reference 

^3.5 signal that is highly correlated to the noise in the passen- 

y 

□ ger compartment and satisfies the causality. 

□ For suppressing the noise in the passenger compartment 

Q 

based on low-frequency road noise, it is also necessary to 
obtain a reference signal that is highly correlated to the 
20 noise in the passenger compartment and satisfies the causal- 

ity. However, it is very difficult to produce such a refer- 
ence signal. 

The difficulty arises out of the fact that the noise in 
the passenger compartment based on low-frequency road noise 
25 is affected more greatly by the acoustic resonant character- 

istics of the sound field in the vehicle body than by vibra- 
tional characteristics of the suspensions and various vehi- 
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cle body regions. 

Japanese laid-open patent publication No. 5-273987 dis- 
closes a conventional active noise control system having a 
microphone for confirming noise cancellation which is mount- 
ed on a side of the headrest of a front seat in a passenger 
compartment. The microphone detects noise in the vicinity 
of the ears of a passenger seated on the front seat to can- 
cel noise in the passenger compartment. In the disclosed 
conventional active noise control system, the understanding 
of transfer characteristics with respect to sounds in the 
passenger compartment, particularly transfer functions be- 
tween a speaker as a secondary noise source and the micro- 
phone for confirming noise cancellation, has an important 
effect on the noise cancellation capability of the system. 

However, since the front seat with the microphone 
mounted on the side of the headrest thereof is adjustable in 
position, when the front seat is moved forward or backward, 
the position of the microphone is changed in the passenger 
compartment. When the microphone is changed in position, 
the relative position between the speaker and the microphone 
is also changed. As a result, the transfer function between 
the speaker and the microphone is varied, and the noise in 
the passenger compartment cannot sufficiently be attenuated. 

The above problem also occurs when the angle of the 
backrest of the front seat is changed. 

The approach to adjust the weight of a certain region 
of the vehicle body for attenuating drumming noise is disad- 



vantageous in that it has to rely upon a process of trial 
and error and hence is tedious and time-consuming, and the 
attempt usually brings about an increase in the weight of 
the vehicle body region. 

SUMMARY OF THE INVENTION 

It is a primary object of the present invention to 
provide an active noise control system which is capable of 
canceling out noise in a vehicle's passenger compartment 
based on low-frequency road noise. 

Another object of the present invention is to provide 
an active noise control system which is capable of easily 
obtaining a reference signal. 

Still another object of the present invention is to 
provide an active noise control system which is capable of 
reliably obtaining a noise cancellation confirming signal. 

Yet another object of the present invention is to 
provide an active noise control system which is capable of 
easily obtaining a detected noise signal. 

The above and other objects, features, and advantages 
of the present invention will become more apparent from the 
following description when taken in conjunction with the ac- 
companying drawings in which preferred embodiments of the 
present invention are shown by way of illustrative excimple. 



BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a schematic side elevational view showing the 



positions of microphones and a speaker in an active noise 
control system, which is incorporated in a sedan, according 
to a first embodiment of the present invention; 

FIG. 2 is a schematic side elevational view showing the 
positions of the microphones and the speaker in the active 
noise control system, which is incorporated in a station 
wagon, according to the first embodiment of the present in- 
vention; 

FIG. 3 is a block diagram of the active noise control 
system based on feed-forward control according to the first 
embodiment of the present invention; 

FIG. 4 is a diagram showing the result of an acoustic 
mode analysis of a vehicle's passenger compartment at 40 Hz 
according to the finite element method; 

FIG. 5 is a diagram showing the result of an acoustic 
mode analysis of a vehicle's passenger compartment at 80 Hz 
according to the finite element method; 

FIG. 6A is a diagram showing sound pressure measuring 
points in the passenger compartment of a vehicle while the 
vehicle is running on a rough road; 

FIG. 6B is a diagram showing a distribution of measured 
sound pressures at 40 Hz based on low- frequency road noise 
at the sound pressure measuring points shown in FIG. 6A; 

FIG. 7A is a diagram showing sound pressure measuring 
points in the passenger compartment of a vehicle while the 
vehicle is running on a rough road; 

FIG. 7B is a diagram showing a distribution of measured 



sound pressures at 80 Hz based on low- frequency road noise 
at the sound pressure measuring points shown in FIG. 7A; 

FIG. 8 is a diagram illustrative of a noise cancella- 
tion effect of the active noise control system according to 
the first embodiment of the present invention; 

FIG. 9 is a diagram illustrative of a noise cancella- 
tion effect of a conventional active noise control system; 

FIG. 10 is a schematic perspective view showing the 
positions of microphones for confirming noise cancellation 
and the position of a speaker as a secondary noise source of 
an active noise control system according to a second embodi- 
ment of the present invention; 

FIG. 11 is an enlarged fragmentary cross -sectional view 
taken along line XI - XI of FIG. 10, showing in detail one 
of the microphones for confirming noise cancellation of the 
active noise control system according to the second embodi- 
ment of the present invention; 

FIG. 12 is a block diagram of the active noise control 
system based on feed-forward control according to the second 
embodiment of the present invention; 

FIG. 13A is a diagram showing transfer functions (based 
on phase) from the speaker of the active noise control sys- 
tem according to the second embodiment of the present inven- 
tion; 

FIG. 13B is a diagram showing transfer characteristics 
(based on sound pressure level) from the speaker of the ac- 
tive noise control system according to the second embodiment 



of the present invention; 

FIG. 14 is a diagram showing a spectrum of sounds in 
the passenger compartment of a vehicle, while it is running, 
incorporating the active noise control system according to 
the second embodiment of the present invention; 

FIG. 15 is a diagram illustrative of a noise cancella- 
tion effect at the positions of the microphones of the ac- 
tive noise control system according to the second embodiment 
of the present invention; 

FIG. 16 is a diagram illustrative of a noise cancella- 
tion effect at the positions of the ears of a passenger in 
the vehicle incorporating the active noise control system 
according to the second embodiment of the present invention; 

FIG. 17 is a schematic perspective view showing the 
position of another microphone for confirming noise cancel- 
lation of the active noise control system according to the 
second embodiment of the present invention; 

FIG. 18 is a diagram showing a spectrum of sound pres- 
sures in the passenger compartment at the positions of the 
ears of a passenger in the vehicle, while it is running, in- 
corporating the active noise control system according to the 
second embodiment of the present invention; 

FIG. 19 is a schematic perspective view showing the 
position of still other microphones for confirming noise 
cancellation of the active noise control system according to 
the second embodiment of the present invention; 

FIG. 20 is a block diagram of an active noise control 



system according to a third embodiment of the present inven- 
tion; 

FIG. 21 is a block diagram illustrative of how the ac- 
tive noise control system according to the third embodiment 
5 of the present invention operates ; 

FIG. 22 is a circuit diagram of a feedback control cir- 
cuit of the active noise control system according to the 
third embodiment of the present invention operates; 

FIG. 23 is a perspective view of a storage box which 
QO stores the active noise control system according to the 

ill third embodiment of the present invention; 

jlj FIG. 24 is a perspective view showing a microphone and 

SJ a circuit board in the storage box which stores the active 

in 

noise control system according to the third embodiment of 
7^15 the present invention; 

FIG. 25 is a schematic perspective view showing the 
1^ position in which the active noise control system according 

to the third embodiment of the present invention is in- 
stalled in a vehicle; and 
20 FIG. 26 is a block diagram of a conventional active 

noise control system. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
Like or corresponding parts are denoted by like or cor- 
25 responding reference characters throughout views. 

FIG. 1 schematically shows the positions of microphones 
and a speaker in an active noise control system according to 
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a first embodiment of the present invention. The active 
noise control system according to the first embodiment of 
the present invention serves to cancel out noise in the pas- 
senger compartment of a vehicle 10, shown as a sedan in FIG. 
1. In FIG. 1 and FIG. 2 which will be described later on, 
the doors of the vehicle 10 are omitted from illustration 
for the sake of brevity. 

As shown in FIG. 1, the active noise control system ac- 
cording to the first embodiment of the present invention has 
a speaker 25 as a secondary noise source which serves as a 
canceling sound generating means, the speaker 25 being 
mounted on a rear tray 33, for example, in the vehicle 10. 
The active noise control system also has a microphone 26 for 
confirming noise cancellation which is mounted on a side of 
a headrest 32 of a driver seat 31A or a front passenger seat 
31B of the vehicle 10. The active noise control system 
further has a digital filter, an adaptive digital filter, 
and a filter coefficient updating circuit (not shown) which 
are located in a certain position in the vehicle 10. The 
vehicle 10 has a passenger compartment 24 in which the driv- 
er seat 31A, the front passenger seat 3 IB, and rear passen- 
ger seats 36A, 36B are disposed. 

Microphones 40, 41, 42 as sensors for generating refer- 
ence signals are positioned respectively near the base of 
the front seat 31A or 31B, near the center of a roof 34, and 
within a trunk compartment 35, i.e., respectively at vibra- 
tional antinodes of an acoustic normal mode of the passenger 



compartment 24. 

As shovm in FIG. 3, the active noise control system 
based on feed- forward control which employs the microphones 
40, 41, 42 has active noise controllers 20A, 20B, 20C that 
are identical in structure to each other. 

The active noise controller 20A operates as follows: 
An output signal from the microphone 40 is supplied as a 
reference signal to an adaptive digital filter 21A and a 
digital filter 22A whose transfer characteristics are made 
equivalent to the sound field transfer characteristics of 
the passenger compartment 24. The digital filter 22A sup- 
plies its output signal to a filter coefficient updating 
circuit 23A which calculates filter coefficients of the 
adaptive digital filter 21A based on an LMS algorithm. The 
filter coefficients calculated by the filter coefficient up- 
dating circuit 23A are set in the adaptive digital filter 
21A. An output signal from the adaptive digital filter 21A 
and output signals from adaptive digital filters 2 IB, 21C 
(described later on) are added to each other by an adder 27. 
The adder 27 applies a sum signal to drive the speaker 25 
placed in the passenger compartment 24 which serves as a 
sound field. The difference between a sound radiation out- 
putted from the speaker 25 and noise in the passenger com- 
partment 24 is detected by the microphone 26 which is 
provided in the passenger compartment 24 for confirming 
noise cancellation. An output signal from the microphone 26 
is sent as an error signal to the filter coefficient updat- 



ing circuit 23A, which calculates filter coefficients in or- 
der to eliminate the square of the error signal. 

The active noise controller 20B comprises an adaptive 
digital filter 2 IB and a digital filter 22B which are sup- 
5 plied with an output signal from the microphone 41 as a ref- 

erence signal, and a filter coefficient updating circuit 
23B. Similarly, the active noise controller 20C comprises 
an adaptive digital filter 21C and a digital filter 22C 
which are supplied with an output signal from the microphone 

'3.0 42 as a reference signal, and a filter coefficient updating 

\l\ circuit 23C. 

jy The noise in the passenger compartment 24 is canceled 

M 

Sj out by an output signal from the active noise control sys- 

tem, i.e., the sound radiation output ted from the speaker 25 

Q 

:.15 based on the sum signal output ted from the adder 27. The 

digital filters 22B, 22C have transfer characteristics that 

•by 

are made equivalent to the sound field transfer characteris- 

□ 

tics of the passenger compartment 24. 

The microphones 40, 41, 42 are positioned respectively 
20 near the base of the front seat 31A or 31B, near the center 

of the roof 34, and within the trunk compartment 35, i.e., 
respectively at vibrational antinodes of the acoustic normal 
mode of the passenger compartment 24, for the following rea- 
sons : 

25 An analysis of a cavity resonant mode in the passenger 

compartment 24 including the trunk compartment 35 according 
to the finite element method indicates that an acoustic nor- 
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mal mode of the passenger compartment 24 at low frequencies 
comprises a primary mode in the longitudinal direction of 
the vehicle at a frequency of about 40 Hz, as shown in FIG. 
4, and a secondary mode in the longitudinal direction of the 
vehicle at a frequency of about 80 Hz, as shown in FIG. 5. 

FIG. 6A shows sound pressure measuring points 1-7 
disposed in the passenger compartment 24 and spaced in the 
longitudinal direction of the vehicle for measuring sound 
pressures of noise produced in the passenger compartment 24 
based on road noise at a frequency of about 40 Hz, while the 
vehicle is running on a rough road. A distribution of noise 
sound pressures measured at the sound pressure measuring 
points 1-7 shown in FIG. 6A is shown in FIG. 6B. 

Similarly, FIG. 7A shows sound pressure measuring 
points 1-7 disposed in the passenger compartment 24 and 
spaced in the longitudinal direction of the vehicle for 
measuring sound pressures of noise produced in the passenger 
compartment 24 based on road noise at a frequency of about 
80 Hz, while the vehicle is running on a rough road. A dis- 
tribution of noise sound pressures measured at the sound 
pressure measuring points 1-7 shown in FIG. 7A is shown in 
FIG. 7B. 

In FIGS. 6A and 7A, the vehicle has front seats 31A, 
31B and rear seats 36A, 363. 

A comparison between FIGS. 4 and 63 and between FIGS. 5 
and 73 clearly reveals that the noise produced in the pas- 
senger compartment 24 based on road noise is strongly af- 
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fected by the acoustic normal mode of the passenger compart- 
ment 24. 

Since the noise produced in the passenger compartment 
24 based on road noise is strongly affected by the acoustic 
normal mode of the passenger compartment 24, coherence be- 
tween the noise in the passenger compartment 24 and the er- 
ror signal is high. Because the noise in the passenger com- 
partment 24 is large, it is easy to detect a reference sig- 
nal having the frequency the noise of which is to be muf- 
fled. 

Though the road noise is highly random noise, inasmuch 
as the noise produced in the passenger compartment 24 based 
on road noise is strongly affected by the acoustic normal 
mode of the passenger compartment 24, the noise in the pas- 
senger compartment 24 is periodic, and it is not necessary 
to pay much attention to the causality as is the case with 
active noise control for periodic noise. 

By positioning the microphones 40, 41, 42 respectively 
at vibrational antinodes of the acoustic normal mode of the 
passenger compartment 24 and using their output signals as 
reference signals, the active noise control system is capa- 
ble of canceling out noise in the passenger compartment 24 
based on low-frequency road noise. 

Specifically, in the active noise control system ac- 
cording to the first embodiment, the microphones 40, 41, 42 
are positioned in the passenger compartment 24 at vibration- 
al antinodes of the primaory or secondary acoustic normal mo- 
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de of the passenger compartment 24. The microphones 40, 41, 
42 produce respective output signals as reference signals 
when they detect noise at 40 Hz or 80 Hz in the passenger 
compartment 24, and the noise is suppressed on the basis of 
the reference signals. As a result, the noise at the posi- 
tions of the microphones 40, 41, 42 is attenuated. Accord- 
ingly, the active noise control system is capable of sup- 
pressing not only the noise at the positions of the micro- 
phones 40, 41, 42, but also noise in a low frequency range 
including drumming noise in the entire passenger compartment 
24. 

The noise at 40 Hz and the noise 80 Hz behaves as a 
standing wave in the passenger compartment 24. The active 
noise control system according to the first embodiment oper- 
ates to change the standing wave in the passenger compart- 
ment 24 in order to lower the sound pressures of the antino- 
des of the standing wave where the microphones 40, 41, 42 
are located. In some cases, the active noise control system 
can cancel out the standing wave in order to suppress the 
noise in the entire passenger compartment 24. 

FIG. 8 illustrates a noise cancellation effect of the 
active noise control system for canceling noise in the pas- 
senger compartment based on low- frequency road noise by us- 
ing the output signals from the microphones 40, 41, 42 as 
reference signals. In FIG. 8, noise which is attenuated by 
the active noise control system is indicated by the solid- 
line curve, and noise which is not attenuated by the active 



noise control system is indicated by the broken-line curve ♦ 
The comparison between these curves clearly shows that the 
active noise control system is effective to cancel out the 
noise. 

FIG. 9 shows a noise cancellation effect of a conven- 
tional active noise control system which uses suspension vi- 
brations as a reference signal. In FIG. 9, noise suppressed 
by the conventional active noise control system is indicated 
by the solid- line curve, and noise which is not attenuated 
by the conventional active noise control system is indicated 
by the broken-line curve. It can be seen from the compari- 
son between FIGS. 8 and 9 that the active noise control sys- 
tem according to the first embodiment is more effective to 
attenuate noise than the conventional active noise control 
system. In FIG. 9, noise indicated by the broken line 
curve, which is not attenuated by the active noise control 
system, is the same as corresponding noise in FIG. 8. 

As described above, in order to cancel out noise in the 
passenger compartment based on road noise, it is effective 
to position the microphones 40, 41, 42 respectively near the 
base of the front seat 31A or 31B, near the center of the 
roof 34, and within the trunk compartment 35, as shown in 
FIG. 1, and use output signals from the microphones 40, 41, 
42 thus positioned as reference signals. 

As shown in FIG. 1, the microphone 40 may be replaced 
with a microphone 4 OA positioned near the room mirror or 
back on the instrximent panel. The microphone 41 may be re- 
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placed with a microphone positioned near a roof rail or near 
a lower portion of a B pillar • The microphone 42 may be re- 
placed with a microphone 42A positioned near the rear end of 
the roof of the vehicle 10, The positions of these alterna- 
tive microphones correspond to antinodes of the acoustic 
normal mode of the passenger compartment 24. In FIG. 1, re- 
gions indicated by the dot-and-dash lines represent antino- 
des of the acoustic normal mode of the passenger compartment 
24 at the frequencies of about 40 Hz and 80 Hz, and a region 
indicated by the two -dot -and -dash line represents an antino- 
de of the acoustic normal mode of the passenger compartment 
24 at the frequency of about 80 Hz. 

The active noise control system according to the first 
embodiment as described above has three microphones for gen- 
erating reference signals. However, the active noise con- 
trol system may have only one microphone positioned in 
either one of the regions indicated by the dot-and-dash 
lines and the region indicated by the two -dot -and- dash line. 
The modified active noise control system is advantageous in 
that it has a smaller number of microphones. 

In FIG. 1, the vehicle 10 which incorporates the active 
noise control system according to the first embodiment is a 
sedan. However, the vehicle 10 which incorporates the ac- 
tive noise control system according to the first embodiment 
may be a station wagon, as shown in FIG. 2. In the station 
wagon, the active noise control system has microphones 40, 
41, 42 positioned as shown in FIG. 2 and is capable of can- 



celing out noise in the passenger compartment 24 based on 
road noise, using output signals from the microphones 40, 
41, 42 as reference signals. Those parts in FIG. 2 which 
are identical to those shown in FIG. 1 are denoted by iden- 
tical reference characters in FIG. 1. The microphone 40 may 
be replaced with the microphone 40A, and the microphone 42 
may be replaced with the microphone 42A. 

Therefore, the principles of the present invention are 
applicable to vehicles of different shapes, irrespective 
whether they are sedans or station wagons . 

As described above, the active noise control system ac- 
cording to the first embodiment has microphones located at 
respective antinodes of the acoustic normal mode of the pas- 
senger compartment and uses output signals from the micro- 
phones as reference signals for providing a large noise can- 
cellation effect in a desired frequency range. 

The active noise control system according to the first 
embodiment is greatly reduced in cost because the micro- 
phones are much more inexpensive than conventional accelera- 
tion sensors for detecting vibrations whose output signals 
are used as reference signals. 

An active noise control system according to a second 
embodiment of the present invention will be described below. 

FIG. 10 schematically shows in perspective the posi- 
tions of microphones for confirming noise cancellation and 
the position of a speaker as a secondary noise source of the 
active noise control system according to the second embodi- 
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ment of the present invention. The active noise control 
system according to the second embodiment is used to cancel 
out noise in the passenger compartment of a vehicle lOA whi- 
ch is shown as a sedan. In FIG. 10 and also FIGS. 17 and 19 
(described later on), the doors of the vehicle lOA are omit- 
ted from illustration for a clearer presentation of the pas- 
senger compartment . 

In the active noise control system according to the 
second embodiment, a speaker 25 as a secondary noise source 
which serves as a canceling sound generating means is mount- 
ed on a rear tray 33, for example, of the vehicle lOA, and 
microphones 43, 44 for confirming noise cancellation are 
positioned near respective left and right roof rails 30A, 
30B of the vehicle lOA which confront the respective ears 
38A, 38B of occupants who are seated on front seats. 

As shown in FIG. 12, the active noise control system 
according to the second embodiment has digital filters 22A - 
22C, adaptive digital filters 21A - 21C, filter coefficient 
updating circuits 23A - 23C, and an adder 21D (described 
later on) which are located in a suitable position in the 
vehicle lOA. As shown in FIG. 10, the vehicle lOA has front 
seats 31A, 31B and rear seats 36A, 363. 

The installed position of the microphones 43, 44 will 
be described below with reference to FIG. 11, which shows 
the microphone 44 by way of example. 

FIG. 11 is an enlarged fragmentary cross -sectional view 
taken along line XI - XI of FIG. 10, showing in detail one 



of the microphones for confirming noise cancellation of the 
active noise control system. 

As shovm in FIG. 11, the microphone 44 is mounted on a 
garnish 48, for excimple, which is positioned in facing rela- 
tionship to the left ear 38B of a passenger who is seated on 
the front seat 31B and near the roof rail 30B that is con- 
structed of an outer roof panel 28 and an inner roof rail 
member 29 of the vehicle lOA. Similarly, the microphone 43 
is mounted on a garnish, for example, which is positioned in 
facing relationship to the right ear 38A of the driver who 
is seated on the front seat 31A and near the roof rail 30A 
that is constructed of the outer roof panel 28 and an inner 
roof rail member of the vehicle lOA, A roof lining 47 is 
attached to the inner surface of the outer roof panel 28. 

The active noise control system which includes the mi- 
crophones 43, 44 is shown in block form in FIG. 12. The ac- 
tive noise controller shown in FIG. 12 operates as follows: 
A reference signal is applied to the adaptive digital filter 
21A and the digital filter 22A whose transfer functions are 
made equivalent to the transfer functions between the 
specdcer 25 and the microphone 43 with respect to noise in 
the passenger compartment 24. An output signal from the 
digital filter 22A is applied to the filter coefficient up- 
dating circuit 23A, and a detected noise signal produced by 
the microphone 43 is applied as an error signal to the fil- 
ter coefficient updating circuit 23A. The filter coeffi- 
cient updating circuit 23A calculates filter coefficients 
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wla, w2a, w3a, • • • , wia based on an LMS algorithm in order 
to substantially eliminate the square of the error signal. 
The calculated filter coefficients wla, w2a, w3a, • • • , wia 
are set in the adaptive digital filter 21A. 

Similarly, the reference signal is applied to the adap- 
tive digital filter 2 IB and the digital filter 22B whose 
transfer functions are made equivalent to the transfer func- 
tions between the speaker 25 and the microphone 44 with re- 
spect to noise in the passenger compartment 24. An output 
signal from the digital filter 223 is applied to the filter 
coefficient updating circuit 233, and a detected noise sig- 
nal produced by the microphone 44 is applied as an error 
signal to the filter coefficient updating circuit 233. The 
filter coefficient updating circuit 23B calculates filter 
coefficients wlb, w2b, w3b, wib based on an LMS algo- 

rithm in order to substantially eliminate the square of the 
error signal. The calculated filter coefficients wlb, w2b, 
w3b, wib are set in the adaptive digital filter 21B. 

An output signal from the adaptive digital filter 21A 
in which the calculated filter coefficients have been set 
and an output signal from the adaptive digital filter 213 in 
which the calculated filter coefficients have been set are 
supplied to the adder 2 ID and added to each other thereby. 
The adder 21D applies a sum signal to drive the speaker 25 
for thereby attenuating noise at the microphones 43, 44. 

The microphones 43, 44 are positioned respectively near 
the roof rails 30A, 303 which confront the ears 38A, 383 of 



the occupants who are seated on the front seats in the vehi- 
cle lOA for the following reasons: 

Since the microphones 43, 44 for confirming noise can- 
cellation are positioned respectively near the roof rails 
30A, SOB which confront the ears 38A, 38B of the occupants 
who are seated on the front seats in the vehicle lOA, the 
microphones 43, 44 are fixed in their relative positions, 
and hence the speaker 25 and the microphones 43, 44 are also 
fixed in their relative positions. The transfer function 
between speaker 25 and the microphones 43, 44 with respect 
to noise in the passenger compartment 24 is not varied even 
when the front seats are changed in position. 

The transfer characteristics with respect to noise in 
the passenger compartment from the speaker 25 to positions 
near the roof rails 30A, 303 which confront the ears 38A, 
38B of the occupants who are seated on the front seats, and 
the transfer characteristics with respect to noise in the 
passenger compartment from the speaker 25 to positions near 
the ears 38A, 38B of the occupants who are seated on the 
front seats are indicated respectively by the solid- and 
broken-line curves in FIGS. 13A and 13B, and are in substan- 
tial agreement with each other at almost all frequencies in 
a frequency range from 0 to 150 Hz. In FIGS. 13A and 133, 
the solid- line curves represent the transfer characteristics 
with respect to noise in the passenger compartment from the 
speaker 25 to a position near the roof rails 30A, 303 which 
confront the ears 38A, 383 of the driver who is seated on 
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the front seat 31A, and the broken-line curves represent the 
transfer characteristics with respect to noise in the pas- 
senger compartment from the speaker 25 to a position near 
the ears 38A, 38B of the driver who is seated on the front 
seat 31A. Specifically, FIG* 13A shows phase vs. frequency 
characteristics, and FIG, 13B shows amplitude vs. frequency 
characteristics. These characteristics are plotted based on 
data measured immediately before the vehicle runs. The il- 
lustrated transfer characteristics also hold true for the 
positions of the ears of the passenger who is seated on the 
front seat 31B. 

Sound pressure levels of noise in the passenger com- 
partment from the speeiker 25 to positions near the roof rails 
30A, 303 which confront the ears 38A, 38B of the occupants 
who are seated on the front seats while the vehicle lOA is 
running, and sound pressure levels of noise in the passenger 
compartment from the speaker 25 to positions near the ears 
38A, 38B of the occupants who are seated on the front seats 
while the vehicle lOA is running are indicated respectively 
by the solid- and broken-line curves in FIG. 14. There is 
essentially no difference between the sound pressure levels 
represented by these solid- and broken -line curves at each 
of 40 Hz and 80 Hz. In FIG. 14, the solid-line curve repre- 
sents the sound pressure levels of noise in the passenger 
compartment from the speaker 25 to positions near the roof 
rails 30A, 30B which confront the ears 38A, 38B of the occupan- 
ts who are seated on the front seats, and the broken-line curve 
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represents the sound pressure levels of noise in the passen- 
ger compartment from the speaker 25 to positions near the 
ears 38A, 38B of the occupants who are seated on the front 
seats . 

5 As described above, since the transfer characteristics 

with respect to noise in the passenger compartment from the 
speaker 25 to positions near the roof rails 30A, SOB which 
confront the ears 38A, 383 of the occupants who are seated 
on the front seats, and the transfer characteristics with 
1^0 respect to noise in the passenger compartment from the 

speaker 25 to positions near the ears 38A, 38B of the occu- 
pants who are seated on the front seats are in substantial 
agreement with each other, and the sound pressure levels of 
noise in the passenger compartment from the speeiker 25 to 
Hs positions near the roof rails 30A, 30B which confront the 

y ears 38A, 38B of the occupants who are seated on the front 

Q seats, and the sound pressure level of noise in the passen- 

ger compartment from the speaker 25 to positions near the 
ears 38A, 38B of the occupants who are seated on the front 
20 seats are in substantial agreement with each other, the mi- 

crophones 43, 44 are positioned respectively near the roof 
rails 30A, 30B which confront the ears 38A, 38B of the occu- 
pants who are seated on the front seats in the vehicle lOA. 
An analysis of a cavity resonant mode in the passenger 
25 compartment 24 including the trunk compartment 35 according 

to the finite element method indicates that an acoustic nor- 
mal mode of the passenger compartment 24 at low frequencies 

- 24 - 



comprises a primary mode in the longitudinal direction of 
the vehicle at a frequency of about 40 Hz, as shown in FIG. 
4, and a secondary mode in the longitudinal direction of the 
vehicle at a frequency of about 80 Hz, as shown in FIG. 5. 

FIG. 6A shows sound pressure measuring points 1-7 
disposed in the passenger compartment 24 and spaced in the 
longitudinal direction of the vehicle for measuring sound 
pressures of noise produced in the passenger compartment 24 
based on road noise at a frequency of about 40 Hz, while the 
vehicle is running on a rough road. A distribution of noise 
sound pressures measured at the sound pressure measuring 
points 1-7 shown in FIG. 6A is shown in FIG. 6B. 

Similarly, FIG. 7A shows sound pressure measuring 
points 1-7 disposed in the passenger compartment 24 and 
spaced in the longitudinal direction of the vehicle for 
measuring sound pressures of noise produced in the passenger 
compartment 24 based on road noise at a frequency of about 
80 Hz, while the vehicle is running on a rough road. A dis- 
tribution of noise sound pressures measured at the sound 
pressure measuring points 1-7 shown in FIG. 7A is shown in 
FIG. 7B. 

In FIGS. 6A and 7A, the vehicle has front seats 31A, 
31B and rear seats 36A, 36B. 

A comparison between FIGS. 4 and 6B and between FIGS. 5 
and 7B cleeirly reveals that the noise produced in the pas- 
senger compartment 24 based on road noise is strongly af- 
fected by the acoustic normal mode of the passenger compart- 




ment 24. This holds true for vehicles of different shapes, 
irrespective whether they are sedans or station wagons. 

While low-frequency sounds in the passenger compartment 
undergo large sound pressure variations in the longitudinal 
direction of the passenger compartment 24, i.e., the direc- 
tion in which the vehicle runs, they exhibit a relatively 
uniform sound pressure distribution in lateral and vertical 
directions of the passenger compartment 24. This is the ba- 
sis for the reasons why the transfer characteristics with 
respect to noise in the passenger compeirtment from the 
speaker 25 to positions near the roof rails 30A, 30B which 
confront the ears 38A, 38B of the occupants who are seated 
on the front seats, and the transfer characteristics with 
respect to noise in the passenger compartment from the 
speaker 25 to positions near the ears 38A, 38B of the occu- 
pants who are seated on the front seats are in substantial 
agreement with each other at almost all frequencies, and 
there is no substantial difference between the sound pres- 
sure of sounds in the passenger compartment from the speaker 
25 to positions near the roof rails 30A, 303 which confront 
the ears 38A, 38B of the occupants who are seated on the 
front seats while the vehicle is running, and the sound 
pressure of sounds in the passenger compartment from the 
speaker 25 to positions near the ears 38A, 38B of the occu- 
pants who are seated on the front seats while the vehicle is 
running. Consequently, noise in the vicinity of the ears of 
the occupants seated on the front seats 31A, 31B is sup- 
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pressed. 

Inasmuch as the microphones 43, 44 for confirming noise 
cancellation are positioned near the roof rails 30A, SOB 
facing the ears of the occupants seated on the front seats 
and output signals from the microphones 43, 44 are used as 
error signals, the active noise control system according to 
the second embodiment is capable of effectively canceling 
out noise in the passenger compartment based on low- 
frequency road noise. 

Because the microphones 43, 44 for confirming noise 
cancellation are positioned near the roof rails 30A, 30B 
facing the ears of the occupants seated on the front seats 
in the vehicle lOA, the positions of the microphones 43, 44 
are fixed, and the heads of the driver and the passenger who 
are seated on the front seats are disposed between the mi- 
crophones 43, 44, it is possible to provide a wide noise 
cancellation area in lateral directions at the height of the 
heads, i.e., in lateral directions perpendicularly to the 
direction in which the vehicle travels. FIG. 15 shows a 
noise cancellation effect at the positions of the micro- 
phones 43, 44 for confirming noise cancellation. In FIG. 
15, the solid-line curve represents sound pressures measured 
at different frequencies when the active noise control sys- 
tem is in operation, and the broken- line curve represents 
sound pressures measured at different frequencies when the 
active noise control system is not in operation, FIG. 16 
shows a noise cancellation effect at the positions near the 



ears of an occupant seated on a front seat. In FIG. 16, the 
solid-line curve represents sound pressures measured at dif- 
ferent frequencies when the active noise control system is 
in operation, and the broken-line curve represents sound 
pressures measured at different frequencies when the active 
noise control system is not in operation. It can be seen 
from FIGS. 15 and 16 that a large noise cancellation effect 
is provided in a frequency range close to 40 Hz and a fre- 
quency range close to 80 Hz. 

FIG. 17 schematically shows in perspective another mi- 
crophone 45 for confirming noise cancellation near a central 
console 49, e.g., at an armrest of the right front seat, in 
addition to the positions of the microphones 43, 44 for con- 
firming noise cancellation. 

With the microphone 45 added, the active noise control 
system additionally includes, as shown in FIG. 12, an adap- 
tive digital filter 21C, a digital filter 22C whose transfer 
functions are made equivalent to the transfer functions be- 
tween the speaker 25 and the microphone 45 with respect to 
noise in the passenger compartment 24, and a filter coeffi- 
cient updating circuit 23C. The filter coefficient updating 
circuit 23C is supplied with an output signal from the digi- 
tal filter 22C and an error signal from the microphone 45, 
and calculates filter coefficients wlc, w2c, w3c, • • • , wic 
based on an LMS algorithm in order to substantially elimi- 
nate the square of the error signal. The calculated filter 
coefficients wlc, w2c, w3c, wic are set in the adaptive 
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digital filter 21C. An output signal from the adaptive 
digital filter 21C is supplied to the adder 2 ID, which adds 
the output signals from the adaptive digital filters 21A, 
21B, 21C. A sum signal from the adder 21D is applied to 
drive the speaker 25 to cancel out noise in the passenger 
compartment 24. 

Specifically, noise in a plane formed between the mi- 
crophones 43, 44, 45 and shown hatched in FIG. 17 is can- 
celed out, 

FIG. 18 shows a comparison between the sound pressure 
levels (solid-line curve) of noise in the passenger compart- 
ment at a position near the ear, on the window side (outer 
side), of an occupant seated on a front seat and the sound 
pressure levels (broken-line curve) of noise in the passen- 
ger compartment at a position near the ear on the inner side 
of the passenger. It can be seen from FIG. 18 that the 
sound pressure level of noise at 40 Hz in the passenger com- 
partment at the position near the ear on the inner side of 
the passenger is higher, and the sound pressure level of 
noise at 80 Hz in the passenger compartment at the position 
near the ear on the window side of the passenger is higher. 

FIG. 19 schematically shows in perspective still other 
microphones 46A, 46B in addition to the microphone 45. The 
microphone 46A is positioned substantially centrally between 
the left and right roof rails 30A, SOB of the vehicle lOA 
and at a position facing the ear, on the compartment side of 
an occupant seated on a front seat, and the microphone 46B 



is positioned substantially centrally between the left and 
right roof rails 30A, 30B of the vehicle lOA and at a posi- 
tion facing the ear, on the compartment side of an occupant 
seated on a rear seat. Output signals from the microphones 
46A, 46B are used as error signals. 

The microphones 46A, 46B are thus positioned because 
the sound pressure level of noise in the passenger compart- 
ment centrally between the left and right roof rails 30A, 
SOB of the vehicle lOA and at the position facing the ear, 
on the compartment side of the occupant seated on the front 
seat is substantially equal to the sound pressure level of 
noise in the passenger compartment centrally between the 
left and right roof rails 30A, 30B of the vehicle lOA and at 
the position facing the ear, on the compartment side of the 
occupant seated on the rear seat . Since the microphones 
46A, 4 63 are thus positioned centrally between the left and 
right roof rails 30A, 30B of the vehicle lOA and respec- 
tively at the position facing the ear, on the compartment 
side of the occupant seated on the front seat and at the 
position facing the ear, on the compartment side of the oc- 
cupant seated on the rear seat, the active noise control 
system can attenuate noise in the passenger compartment at 
the ears on the compartment side of the occupants where the 
sound pressure of the noise is relatively high. 

As described above, the active noise control system ac- 
cording to the second embodiment is capable of providing the 
scune noise cancellation effect in the vicinity of the ears 
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of occupants as the noise cancellation effect produced at 
the positions of microphones for confirming noise cancella- 
tion. 

An active noise control system according to a third em- 
bodiment of the present invention will be described below, 

FIG. 20 shows in block form the active noise control 
system according to the third embodiment of the present in- 
vention. 

The active noise control system according to the third 
embodiment employs the microphone 40 in the active noise 
control system according to the first embodiment as a micro- 
phone for detecting noise, and has a feedback control cir- 
cuit for controlling noise. 

Specifically, the microphone 40 shown in FIG. 20 is 
used as a microphone for detecting noise, and an output sig- 
nal from the microphone 40 is supplied to a feedback control 
circuit 50 . An output signal from the feedback control cir- 
cuit 50 is applied to drive the speaker 25 to cancel out 
noise in the passenger compartment 24. 

The feedback control circuit 50 serves as an adjusting 
circuit for adjusting the amplitude and phase of the output 
signal from the microphone 40 based on the output signal 
from the microphone 40. The feedback control circuit 50 
generates a cancellation signal which is of the same ampli- 
tude as, but out of phase to, noise at the microphone 40, 
and drives the speaker 25 with the cancellation signal. 

As shown in FIG. 21, the active noise control system 



according to the third embodiment, which includes the feed- 
back control circuit 50, can be expressed by transfer func- 
tions P of the passenger compartment 24 including the 
speaker 25 and the microphone 40, and transfer functions G 
of the feedback control circuit 50. The feedback control 
circuit 50 operates to suppress disturbance (noise in the 
passenger compartment 24). 

As shown in FIG. 20, the feedback control circuit 50 
comprises a bandpass filter 51 for extracting noise in a 
certain frequency range, e.g., noise in a low frequency 
range including drximming noise, from the output signal from 
the microphone 40, an amplitude compensator 52 for compen- 
sating for the amplitude of an output signal from the band- 
pass filter 51 to generate an output signal having the same 
amplitude as the noise, and a phase compensator 53 for com- 
pensating for the phase of the output signal from the ampli- 
tude compensator 52 to generate an output signal that is out 
of phase to the noise. The output signal from the phase 
compensator 53 is applied to drive the speaker 25 to sup- 
press the noise. 

The amplitude compensator 52 and the phase compensator 
53 serve as the adjusting circuit. 

The feedback control circuit 50 will be described in 
more specific detail. As shown in FIG. 22, the feedback 
control circuit 50 comprises a bandpass filter 51 for ex- 
tracting noise in a certain frequency range, e.g., noise in 
a low frequency range including drumming noise, from the 
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output signal from the microplione 40, an inverting amplifier 
57, operating as an amplitude compensator, for inversely am- 
plifying an output signal from the bandpass filter 51, and a 
phase compensator 62 for advancing the phase of an output 
signal from the inverting eimplifier 57. An output from the 
phase compensator 62 is applied to drive the speaker 25, 

The inverting amplifier 57 comprises an operational am- 
plifier 60, a resistor 58, a resistor 59, and a resistor 61. 
The phase compensator 62 comprises a capacitor 63, a resis- 
tor 64, and a resistor 65. 

The output signal from the microphone 40 is inverted 
and amplified by the inverting amplifier 57 to the same am- 
plitude as the noise at the microphone 40. The inverted and 
amplified signal is advanced in phase by the phase compensa- 
tor 62, which outputs a signal which is of the same ampli- 
tude as, but out of phase to, the noise. The output signal 
from the phase compensator 62 is applied to drive the 
speaker 25 to eliminate output signal from the microphone 40 
for thereby canceling out the noise in the passenger com- 
partment 24. 

In FIG. 22, the inverting amplifier 57 is employed in 
the feedback control circuit 50. However, the feedback con- 
trol circuit 50 may have a noninverting amplifier insofar as 
the output signal from the feedback control circuit 50 is 
out of phase to the noise at the microphone 40. Though the 
phase compensator 62 comprises a first order passive phase 
lead compensator in the illustrated embodiment, the phase 
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compensator 62 may comprise a second order passive phase 
lead compensator or an active phase compensator. 
Because the microphone 40 is positioned at the foremost 
position in the passenger compartment of an antinode in the 
primary or secondary acoustic normal mode of the passenger 
compartment 24, the microphone 40 produces an output signal 
indicative of detected noise at 40 Hz or 80 Hz. Based on 
the output signal indicative of detected noise at 40 Hz or 
80 Hz, the extent of amplitude compensation of the amplitude 
compensator 52 and the extent of phase compensation of the 
phase compensator 53 are adjusted to suppress not only the 
noise at the microphone but also the noise in the low fre- 
quency range including drumming noise in the entire passen- 
ger compartment. 

Specifically, the noise detected at 40 Hz and 80 Hz by 
the microphone 40 that is located at an antinode in the pri- 
mary or secondary acoustic normal mode of the passenger com- 
partment 24 behaves as a standing wave. The active noise 
control system according to the third embodiment operates to 
change the standing wave in the passenger compartment 24 in 
order to lower the sound pressure of the antinode of the 
standing wave where the microphone 40 is located. In some 
cases, the active noise control system can cancel out the 
standing wave in order to suppress the noise in the entire 
passenger compartment 24. 

The active noise control system according to the third 
embodiment comprises the feedback control circuit 50 of sim- 
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pie construction which comprises the amplitude compensator 
52 and the phase compensator 53 for noise cancellation. 
Therefore, the active noise control system may be smaller in 
size and more inexpensive than an active noise control sys- 
tem based on feed-forward control principles, and is less 
costly than a system for canceling out noise by adjusting 
the weight of a certain region of the vehicle body. 

The feedback control circuit 50 may be arranged in a 
small size and combined with the microphone 40. FIG. 23 
shows a storage box 68 having noise passage holes 67 defined 
therein. As shown in FIG, 24, the feedback control circuit 
50 and the microphone 40 combined therewith are installed on 
a circuit board 69, and housed in the storage box 68, The 
circuit board 69 has a connector 70 for connection to an ex- 
ternal circuit. As shown in FIG. 25, the storage box 68 
with the circuit board 69 placed therein is positioned be- 
neath the base of the driver seat, i.e, , the base of the 
front seat 31A, or the base of the front seat 3 IB, and fixed 
to a floor cross member 37 of a vehicle lOB. In FIG. 25, 
the doors of the vehicle lOB are omitted from illustration 
for a clearer presentation of the passenger compartment. 

Since the storage box 68 is positioned beneath the base 
of the driver seat, i.e., the base of the front seat 31A, or 
the base of the front seat 31B, the storage box 68 cannot 
easily be touched by occupants, who are thus inhibited to 
touch the microphone 40. Because the microphone 40 and the 
feedback control circuit 50 are essentially integral with 
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each other, the length of the microphone cord can be re- 
duced, resulting in a reduced cost. Furthermore, the micro- 
phone 40 housed in the storage box 68 is prevented from be- 
ing subject to an air flow that is produced when an occupant 
is seated on the front seat 31A or 31B. 

As described above, the active noise control system ac- 
cording to the third embodiment is capable of canceling out 
noise in the passenger compartment based on low- frequency 
road noise and drumming noise with the simple arrangement 
that is composed of the microphone for detecting noise and 
the feedback control circuit. 

Although certain preferred embodiments of the present 
invention have been shown and described in detail, it should 
be understood that various changes and modifications may be 
made therein without departing from the scope of the append- 
ed claims . 



